Evans RG, Goddard D, Eppel GA, O'Connor PM. Factors that render the kidney susceptible to tissue hypoxia in hypoxemia. Am J Physiol Regul Integr Comp Physiol 300: R931-R940, 2011. First published January 19, 2011 doi:10.1152/ajpregu.00552.2010To better understand what makes the kidney susceptible to tissue hypoxia, we compared, in the rabbit kidney and hindlimb, the ability of feedback mechanisms governing oxygen consumption (V O2) and oxygen delivery (DO 2 ) to attenuate tissue hypoxia during hypoxemia. In the kidney (cortex and medulla) and hindlimb (biceps femoris muscle), we determined responses of whole organ blood flow and V O2, and local perfusion and tissue PO2, to reductions in DO2 mediated by graded systemic hypoxemia. Progressive hypoxemia reduced tissue PO2 similarly in the renal cortex, renal medulla, and biceps femoris. Falls in tissue PO2 could be detected when arterial oxygen content was reduced by as little as 4 -8%. V O2 remained stable during progressive hypoxemia, only tending to fall once arterial oxygen content was reduced by 55% for the kidney or 42% for the hindlimb. Even then, the fall in renal V O2 could be accounted for by reduced oxygen demand for sodium transport rather than limited oxygen availability. Hindlimb blood flow and local biceps femoris perfusion increased progressively during graded hypoxia. In contrast, neither total renal blood flow nor cortical or medullary perfusion was altered by hypoxemia. Our data suggest that the absence in the kidney of hyperemic responses to hypoxia, and the insensitivity of renal V O2 to limited oxygen availability, contribute to kidney hypoxia during hypoxemia. The susceptibility of the kidney to tissue hypoxia, even in relatively mild hypoxemia, may have important implications for the progression of kidney disease, particularly in patients at high altitude or with chronic obstructive pulmonary disease. hyperemia; hypoxia; ischemia; kidney circulation; oxygen tension; skeletal muscle ONE OF THE GREAT PARADOXES of physiology is the susceptibility of the kidney to tissue hypoxia. The kidneys are among the most highly perfused organs in the body, receiving approximately one-quarter of the cardiac output at rest yet comprise Ͻ1% of total body weight (14). Thus renal oxygen delivery (DO 2 ) greatly exceeds oxygen consumption (V O 2 ). Yet the kidney is extremely susceptible to hypoxic damage, which in turn appears to be a crucial event in the pathogenesis of chronic kidney disease (8, 19, 32, 35) and acute kidney injury (7, 20, 24) of diverse etiology. Therefore, it is imperative that we improve our understanding of the structural and functional characteristics of the kidney that make it susceptible to development of hypoxia.
ONE OF THE GREAT PARADOXES of physiology is the susceptibility of the kidney to tissue hypoxia. The kidneys are among the most highly perfused organs in the body, receiving approximately one-quarter of the cardiac output at rest yet comprise Ͻ1% of total body weight (14) . Thus renal oxygen delivery (DO 2 ) greatly exceeds oxygen consumption (V O 2 ). Yet the kidney is extremely susceptible to hypoxic damage, which in turn appears to be a crucial event in the pathogenesis of chronic kidney disease (8, 19, 32, 35) and acute kidney injury (7, 20, 24) of diverse etiology. Therefore, it is imperative that we improve our understanding of the structural and functional characteristics of the kidney that make it susceptible to development of hypoxia.
Most organs respond to a reduction in oxygenation by increasing local blood flow and so DO 2 (14) . The increased DO 2 then acts to increase tissue oxygenation and so attenuate development of hypoxia and tissue injury. In this regard, the control of blood flow to the kidney is unique in that it appears to be dominated by the functional requirements for regulation of extracellular fluid volume rather than by local metabolic requirements (14) . This balance of control of renal blood flow (RBF), away from local metabolic requirements, is demonstrated by the relative unresponsiveness of total RBF, at least in the denervated kidney, to even quite severe reductions in arterial oxygen content (26) . However, redistribution of blood flow within the kidney may alter local DO 2 independently of total RBF. Therefore, in the current study, we examined responses of cortical and medullary perfusion, as well as total RBF, to progressive hypoxemia.
Another mechanism that may protect tissues from hypoxia during moderate to severe arterial hypoxemia is reduced V O 2 . It is well established that renal V O 2 is reduced when DO 2 is reduced by renal ischemia because of reduced demand for oxygen to drive tubular sodium reabsorption (13, 41, 42) , but the dependence of renal V O 2 on arterial oxygen content in vivo remains unresolved. Upon reaching a "critical PO 2 " of ϳ10 mmHg, isolated tubular segments reduce their rate of V O 2 (1, 2, 11) . However, a critical PO 2 has not been demonstrated in vivo. Indeed, prevailing experimental evidence supports the concept that renal V O 2 is relatively stable in the face of hypoxemia, unless also accompanied by renal ischemia and so presumably reduced glomerular filtration rate and sodium reabsorption (3, 16, 43) . However, previous studies investigating the effects of hypoxemia on renal V O 2 were performed in animals with intact renal nerves. Hypoxemia can activate renal sympathetic drive and so induce renal vasoconstriction (25) . Consequently, none of these previous studies were able to demonstrate that renal V O 2 can be maintained in the face of hypoxemia-induced reductions in DO 2 . For example, in the studies performed by Bursaux et al. (3) in anesthetized rabbits and Gotshall et al. (16) in anesthetized dogs, hypoxemiainduced reductions in DO 2 were predominantly due to ischemia rather than hypoxemia. In the study performed by Wong et al. (43) in anesthetized pigs, renal DO 2 was not reported.
Our current experiment was designed to establish definitively whether renal V O 2 can be maintained in the face of reduced DO 2 mediated by hypoxemia. To do this, we examined the effects of progressive hypoxemia on renal DO 2 and V O 2 in rabbits in which the kidney was denervated to prevent sympathetically mediated vasoconstriction during severe hypoxemia. We also measured local medullary and cortical tissue PO 2 using both fluorescence optodes and Clark electrodes to determine the level to which renal tissue PO 2 can fall without limiting renal V O 2 (i.e., the upper limit of critical PO 2 in vivo). These measurements also allowed us to determine the threshold at which reductions in arterial oxygen content lead to reduced tissue PO 2 . Analogous experiments were performed in the hindlimb to assess how responses of kidney oxygenation to hypoxemia differ from those of skeletal muscle. No attempt was made to denervate the hindlimb, since hypoxemia does not lead to sympathetically mediated vasoconstriction in this vascular bed but rather vasodilatation dependent on local factors such as adenosine and nitric oxide (9, 10) .
METHODS

Animals.
Male New Zealand White rabbits (n ϭ 12, 2.95 Ϯ 0.14 kg) were studied according to the Australian Code of Practice for the Care and Use of Animals for Scientific Purposes. Experiments were approved in advance by the Animal Ethics Committee of the Monash University School of Biomedical Sciences.
Anesthesia and general procedures. Catheters were placed in the central arteries and marginal veins of both ears under local analgesia (1% lidocaine; Xylocaine; AstraZeneca, North Ryde, NSW, Australia) (5). Rabbits were then anesthetized with pentobarbital sodium (90 -150 mg plus 30 -50 mg/h iv; Sigma Chemical, St. Louis, MO) and artificially ventilated. Throughout the surgery and experiment, extracellular fluid volume was maintained by intravenous infusion (0.15 ml·kg Ϫ1 · min Ϫ1 ) of a 4:1 mixture of compound sodium lactate and polygeline/electrolyte solution (26) . Body temperature was maintained between 37.0 and 38.0°C throughout the surgery and subsequent experiment by means of a heated table and infrared heating lamp. Baseline arterial PO2 (90 -110 mmHg) and PCO2 (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) were maintained within the desired ranges by altering respiratory rate and volume and the level of positive end-expiratory pressure. Arterial hemoglobin saturation was monitored continuously by pulse oximetry (model 8600V; Nonin, Plymouth, MN). A 90-min equilibration period was allowed between completion of the surgical procedures (described below for each preparation) and commencing the experimental procedures. Blood samples taken during the experiments were replaced with a mixture of resuspended red blood cells from previous samples and donor rabbit blood.
Renal preparation (6 rabbits) . The left kidney was exposed via a flank incision and placed in a cup secured to the operating table. Catheters was placed in the left ureter and left renal vein (6) . The kidney was denervated, and a transit-time ultrasound flow probe (type 2SB; Transonic Systems, Ithaca, NY) was placed around the renal artery for measurement of RBF. Small holes were made in the renal capsule, and fluorescence optodes with in-built thermocouples (BF/ OT, tip diameter ϭ 230 m; Oxford Optronix, Oxford, UK) were placed in the kidney using micromanipulators so that their tips lay ϳ2 mm (cortex) and 9 mm (inner medulla) below the cortical surface (26) . A Clark-type oxygen electrode (10 m tip; Unisense, Aarhus, Denmark) was also positioned with its tip in the renal cortex (2 mm below the cortical surface). Laser Doppler flow probes were also placed in the inner medulla (9 mm below the cortical surface; DP4s; Moor Instruments, Millwey, Devon, UK) and on the surface of the kidney (DP2b; Moor Instruments) to provide medullary and cortical laser Doppler flux (MLDF and CLDF, respectively) as indexes of local tissue perfusion. Upon completion of the surgical procedures, [ 3 H]inulin (Perkin-Elmer) was administered as a bolus of 10 Ci plus a continuous infusion of 50 nCi · kg Ϫ1 · min Ϫ1 . Hindlimb preparation (6 rabbits) . A catheter was inserted in the right femoral vein and advanced so that its tip lay within the left iliac vein, ϳ1 cm from its junction with the vena cava. A transit-time ultrasound flow probe (type 2SB; Transonic Systems) was placed around the left common iliac artery for measurement of hindlimb blood flow (HLBF). The biceps femoris muscle of the left hindlimb was then exposed. Fluorescence optodes were placed within two sites within the muscle, ϳ10 mm below the muscle surface. Values of biceps femoris tissue PO2 in RESULTS are averages of values obtained with the two probes. A Clark-type oxygen electrode (10 m tip; Unisense) was also placed with its tip ϳ10 mm below the muscle surface. A Laser Doppler flow probe was placed ϳ10 mm below the muscle surface (DP4s) to provide an index of local tissue perfusion.
Experimental protocol. The protocol consisted of a series of 12 15-min experimental periods during which rabbits were ventilated alternately with room air (21% oxygen) followed by either 11, 13, 15, 17, 19 , or 20% oxygen in nitrogen. Thus each period of ventilation with a hypoxic gas mixture was associated with a unique control period, allowing the percentage or absolute changes to be determined. The order of presentation of the hypoxic gas mixtures was randomized. A 5-min period was allowed for stabilization of blood gases before a 10-min recording period commenced. At the midpoint of each recording period, arterial and renal/iliac venous blood samples (0.5 ml each) were collected for blood oximetry, and, in the renal studies, an additional sample of arterial blood (0.5 ml) was collected for clearance measurements. For the renal studies, urine produced by the left kidney was collected over the duration of each 10-min recording period. In addition, responses to 18% oxygen in nitrogen were tested at the end of the renal, but not the hindlimb, protocol.
Measurements. Arterial pressure was measured via an ear artery catheter connected to a pressure transducer (Cobe, Arvarda, CO) and bridge amplifier (Model QA1; Scientific Concepts, Mount Waverley, Victoria, Australia). The transit-time ultrasound flow probe was connected to a compatible flowmeter (model T206; Transonic Systems), as were the laser Doppler flow probes (DRT4; Moor Instruments). The fluorescence optodes and thermocouples were connected to a tissue oximetry system (Oxylite; Oxford Optronix), and the Clark electrode was connected to a picoameter (PA2000; Unisense). Values of mean arterial pressure, heart rate (triggered by the arterial pressure pulse), RBF and HLBF, core body temperature, arterial hemoglobin saturation (pulse oximetry), and tissue PO 2, temperature, and perfusion (laser Doppler flux and concentration signals) were digitized as 2-s averages (17) . Glomerular filtration rate was measured as the clearance of [ 3 H]inulin. Sodium concentrations in plasma and urine were determined using a Synchron CX5 Clinical System (BeckmanCoulter). Blood gas analysis was performed on 0.5-ml blood samples using an ABL 700 series blood gas analyzer (Radiometer Copenhagen). Organ DO 2 was calculated as the product of organ blood flow and oxygen content of arterial blood, whereas V O2 was calculated as the product of organ blood flow and the arteriovenous (AV) oxygen concentration difference. Fractional oxygen extraction was calculated as the quotient of V O2 and DO2.
Statistics. Values were averaged over each 10-min experimental period. Data are expressed as means Ϯ SE. Hypothesis testing was performed using the software package SYSTAT (Version 10; SPSS, Chicago, IL). Comparison of baseline variables between the renal and hindlimb preparations was done by unpaired t-test. Repeated-measures ANOVA was used to test whether baseline levels differed in a systematic fashion during the control periods before ventilation with hypoxic gas mixtures, whether graded hypoxia affected the variables in a systematic manner, and whether these responses differed between the renal and hindlimb preparations (30) . Paired t-tests were used to determine whether individual hypoxic gas mixtures affected each variable. Analysis of covariance, for which arterial oxygen content was assigned as the independent variable, was used to assess the effects of hypoxemia and whether they differed between the renal and hindlimb preparation. Type 1 error was controlled using the Bonferroni correction (29) , except in the case of paired t-tests applied to the data in Tables 1 and 2 , since this analysis was directed toward determination of the thresholds at which graded hypoxia altered the levels of the various parameters. Two-sided P Յ 0.05 was considered statistically significant.
RESULTS
Baseline variables. The variables we measured remained very stable across the control periods of ventilation with room air that preceded ventilation with the various hypoxic gas mixtures (Tables 1 and 2 ). The only case in which there was significant heterogeneity across the control periods was iliac Table 1 . Baseline variables and responses to graded hypoxia in rabbits in which the kidney was studied venous pH in the hindlimb preparation (P ϭ 0.02), but even here mean levels across the control periods differed by no more than 0.03 pH units. Baseline mean arterial pressure, heart rate, and core body temperature were indistinguishable in the rabbits used in the renal studies compared with those in the hindlimb studies (Table 3 ). Arterial pH, PO 2 , hemoglobin saturation (obtained both by blood and pulse oximetry), hematocrit, absolute and standard base excess, and concentrations of lactate and bicarbonate were also similar in the two groups of rabbits (Table 4) . However, arterial glucose concentration was slightly (32%) greater in the animals in which the hindlimb was studied than those in which the kidney was studied, whereas arterial PCO 2 was 5 mmHg less in the hindlimb than the renal preparation (Table 4 ). RBF and HLBF were similar, and arterial oxygen concentration was indistinguishable in the two preparations, so that organ DO 2 was similar (Table 3 ). In contrast, baseline V O 2 was 52% greater in the hindlimb than the kidney while fractional oxygen extraction was 87% greater and the AV oxygen concentration difference was 90% greater (Table 3) . Consequently, venous PO 2 , hemoglobin saturation, and oxygen content were less for the hindlimb than for the kidney (Tables 3  and 4) . Venous blood pH, PCO 2 , hematocrit, absolute and standard base excess, and concentrations of bicarbonate, glucose, and lactate were indistinguishable for the kidney and hindlimb (Table 4) .
Tissue PO 2 measured by fluorescence optode was not significantly different in the renal cortex compared with the biceps femoris, but, in accord with our previous studies using fluorescence optodes (26, 36) , tended to be greater (40 Ϯ 20%, P ϭ 0.08) in the renal medulla than the renal cortex (Table 5) . Renal medullary tissue PO 2 measured by fluorescence optode was 80% greater than biceps femoris tissue PO 2 . Tissue PO 2 measured by Clarke electrode did not differ significantly from that measured by fluorescence optode, in either the renal cortex or biceps femoris. Nevertheless, when measured by Clark electrode, tissue PO 2 was 77% greater in the renal cortex than biceps femoris. Tissue perfusion measured by laser Doppler flowmetry was 78 Ϯ 5% less in the renal medulla than in the renal cortex and 88% less in biceps femoris than the renal cortex (Table 5) .
Responses to graded hypoxia. Graded hypoxia resulted in progressive reductions in arterial blood PO 2 that were indistinguishable in rabbits in which the kidney was studied compared with those in which the hindlimb was studied ( Fig. 1 and Tables 1 and 2 ). In contrast, arterial hemoglobin saturation, and so arterial blood oxygen content, was reduced to a greater extent by hypoxia in the renal preparation than in the hindlimb preparation (Fig. 1) . This observation presumably reflects the greater arterial PCO 2 in the rabbits in which the kidney was studied (Table 4) , which would be expected to reduce the affinity of hemoglobin for oxygen. To account for this difference in the effects of hypoxia on systemic oxygenation, all subsequent analyses were performed with arterial oxygen content as the independent variable, with data grouped for graphical presentation according to the oxygen content of the inspired gas (Figs. 2-5 ). Mean arterial pressure was well maintained in the face of hypoxia, except at the lowest level of inspired oxygen (11%) in the renal preparation, which reduced arterial oxygen content by Ϫ55 Ϯ 2% and mean arterial pressure by 11 Ϯ 3 mmHg. In contrast, mean arterial pressure was maintained at all levels of inspired oxygen in the hindlimb preparation, presumably because arterial oxygen content was reduced by only Ϫ42 Ϯ 4% during ventilation with 11% oxygen (Tables 1 and 2 and Fig.  2 ). Lactate concentration in arterial blood and in venous blood draining the kidney and hindlimb increased progressively during hypoxemia, but in neither vascular bed was the arterial-tovenous lactate concentration difference significantly affected by hypoxemia (data not shown).
Whole organ blood flow increased progressively in the hindlimb, but not the kidney, during progressive hypoxemia (Tables 1 and 2 and Fig. 2) . Similarly, biceps femoris laser Doppler flux, but not laser Doppler flux measured in the renal medulla or cortex, increased in response to hypoxemia. Indeed, RBF, CLDF, and MLDF all remained close to their control levels, even when arterial oxygen concentration was reduced by Ͼ50%.
Tissue PO 2 fell progressively as arterial oxygen content was reduced. The slopes of these relationships did not differ significantly between renal cortex, renal medulla, and biceps femoris (Fig. 3) , regardless of whether measurements were made with fluorescence optodes or Clark electrodes. Statisti- Values are means Ϯ SE; n, no. of experiments. **P Յ 0.01 and ***P Յ 0.001 for comparison with biceps femoris (unpaired t-test) . †P Յ 0.05 and † † †P Յ 0.001 for comparison between renal cortex and medulla (paired t-test). P values were conservatively adjusted by the Bonferroni method because 3 comparisons were made (29) . Fig. 1 . Changes in arterial PO2, hemoglobin saturation, and oxygen content during progressive hypoxia. **P Յ 0.01 for the outcome of repeated-measures ANOVA, testing whether responses to hypoxia differed between kidney and hindlimb preparations (main effect of vascular bed). Fig. 2 . Relationships between changes in arterial oxygen content and changes in mean arterial pressure, whole organ blood flow, and tissue perfusion. Symbols represent the outcomes of analysis of covariance, testing whether the relationships differed between kidney and hindlimb and between the renal cortex and medulla and biceps femoris (interaction term between vascular bed and arterial oxygen content). ***P Յ 0.01 for comparison between kidney and hindlimb or cortex and biceps femoris. ‡ ‡P Յ 0.01 for comparison between renal medulla and biceps femoris. P values for tissue perfusion were conservatively adjusted using the Bonferroni method because 3 comparisons were made (29) . cally significant reductions in cortical and medullary tissue PO 2 measured by fluorescence optode could be detected when arterial oxygen content was reduced by as little as 5% during ventilation with 18% oxygen (Table 1) . However, cortical PO 2 measured by Clark electrode was not significantly reduced until arterial oxygen content was reduced by 8% during ventilation with 17% oxygen. Statistically significant reductions in biceps femoris tissue PO 2 could be detected when arterial oxygen content was reduced by as little as 4% during ventilation with 17% oxygen.
Organ DO 2 was progressively reduced as arterial oxygen content was reduced (Fig. 4) . This effect was more pronounced in the kidney than the hindlimb, reflecting the absence of a hyperemic response to hypoxia in the kidney (Fig. 2) . Fractional oxygen extraction increased progressively during hypoxia, to a similar extent in the kidney and hindlimb (Fig. 3) . Consequently, organ V O 2 was well maintained in the face of reduced arterial oxygen content, at least until arterial oxygen content was reduced by Ͼ40%. Nevertheless, ventilation with 11% oxygen tended to reduce V O 2 in both the kidney (Ϫ27 Ϯ 10%, P ϭ 0.07) and hindlimb (Ϫ9 Ϯ 4%, P ϭ 0.06; Fig. 4 ).
In the renal preparation, ventilation with 11% oxygen reduced arterial oxygen content by Ϫ55 Ϯ 2% and renal DO 2 by Ϫ53 Ϯ 2%. Tissue PO 2 in the renal cortex was reduced to 10.9 Ϯ 2.8 mmHg when measured by fluorescence optode and 17.2 Ϯ 2.6 mmHg when measured by Clark electrode, and tissue PO 2 in the renal medulla was reduced to 21.2 Ϯ 2.0 mmHg (fluorescence optode). However, ventilation with 11% oxygen in the renal preparation also reduced mean arterial pressure (Ϫ11 Ϯ 3 mmHg) and glomerular filtration rate (Ϫ36 Ϯ 17%) and tended to reduce total sodium reabsorption (Ϫ30 Ϯ 19%, P ϭ 0.11), but did not significantly alter the efficiency of oxygen utilization for sodium reabsorption (Fig.  5) . Thus the reduced renal V O 2 could be completely accounted for by reduced oxygen demand for tubular sodium transport.
In the hindlimb preparation, ventilation with 11% oxygen reduced arterial oxygen content by Ϫ42 Ϯ 4% and hindlimb DO 2 by Ϫ27 Ϯ 6% at which point biceps femoris PO 2 was 13.9 Ϯ 2.6 mmHg when measured by fluorescence optode and 10.0 Ϯ 1.3 mmHg when measured by Clark electrode (Fig. 4 ).
DISCUSSION
Our current experiment provides definitive evidence that renal V O 2 can be maintained in the face of reduced DO 2 mediated by hypoxemia. In this respect, the kidney appears no different from the hindlimb vascular bed in which V O 2 was also maintained in the face of moderate hypoxemia, as has been demonstrated previously (9, 10) . For the kidney, the adaptive feature of this phenomenon is that it allows renal tubular function to operate normally under hypoxic conditions. However, it also renders the kidney susceptible to tissue hypoxia under such conditions. We also found that arterial hypoxemia, while promoting vasodilatation in the hindlimb vasculature, including biceps femoris, did not induce vasodilatation in the renal cortex or medulla. The absence of a hyperemic response to arterial hypoxemia in kidney tissue must also contribute to the susceptibility of the kidney to tissue hypoxia. A consequence of the absence of a hyperemic response in the kidney to arterial hypoxemia is a steeper relationship between changes in arterial oxygen content and DO 2 in the kidney vs. the hindlimb. Despite this, the sensitivity of tissue PO 2 to reductions in arterial oxygen content was similar in biceps femoris, renal cortex, and renal medulla. For example, in all three tissues, statistically significant reductions in PO 2 could be detected once arterial oxygen content was reduced by 4 -8% (depending on tissue and the method used to measure tissue PO 2 ). Furthermore, across the range of reductions in arterial oxygen content we examined (up to Ϫ55% in the kidney preparation and Ϫ42% in the hindlimb), the relationships between tissue PO 2 and the percentage change in arterial oxygen content were not significantly different. Our observations in the kidney are consistent with those of Johannes et al. (22) , who observed comparable reductions in microvascular PO 2 in the cortex and outer medulla during progressive hypoxemia. The similar sensitivity of renal tissue and hindlimb skeletal muscle PO 2 to hypoxemia, despite the absence of hypoxia-induced hyperemia in the cortex or medulla, raises the possibility of additional mechanisms that operate to protect renal tissues from hypoxia in the face of hypoxemia. One such mechanism might depend on the effects of hypoxemia on diffusional oxygen shunting. A mathematical model of oxygen transport in the renal medulla (44) predicts that large reductions in the PO 2 of blood at the inlet of the medullary circulation (i.e., the outer medulla) result in relatively small changes in the PO 2 of blood in the inner medulla. This occurs because hypoxemia reduces the driving force for countercurrent diffusion of oxygen from descending to ascending vasa recta and so inhibits oxygen shunting. Diffusional shunting of oxygen from arteries to veins also occurs in the renal cortex (14, 26, 39) . We have recently developed a mathematical model of this phenomenon that predicts that the reduction in arterial-to-venous oxygen shunting induced by hypoxemia partially protects the renal cortex from development of tissue hypoxia (B. S. Gardiner, D. W. Smith, P. M. O'Connor, and R. G. Evans, unpublished observations).
By studying the denervated kidney, we were able to avoid the confounding effects of sympathetically mediated renal vasoconstriction during hypoxemia. Consequently, we could demonstrate, for the first time to our knowledge, maintenance of renal V O 2 in the face of a reduction in DO 2 (of Ϫ34%) induced by hypoxemia. The tendency for renal V O 2 to fall in the face of even greater reductions in DO 2 (of Ϫ53%) induced by ventilation with 11% oxygen was associated with reductions in glomerular filtration rate, and so the metabolic requirements for tubular sodium transport. Importantly, the metabolic cost of sodium reabsorption, as assessed by the quotient of sodium reabsorption and V O 2 , was not altered even during severe hypoxemia, reflecting the dependence of the bulk of renal sodium transport on aerobic metabolism (11, 18) . The fall in glomerular filtration rate during severe hypoxemia in the renal preparation is likely because of the associated fall in arterial pressure, which in turn can be explained by the local effect of hypoxia to induce vasodilation, particularly in skeletal muscle (4) . The absence of a depressor response to ventilation with 11% oxygen in the hindlimb preparation presumably reflects the fact that these animals became less hypoxemic than the animals in which the kidney was studied.
A strength of our current approach was the use of both Clark electrodes and fluorescence optodes for measurement of tissue PO 2 in the renal cortex and biceps femoris. As we have discussed in our previous publications (15, 27, 34, 36) , there are systematic differences between tissue PO 2 values measured by these two methods, particularly in the renal cortex, where tissue PO 2 measured by fluoresecence optode is systematically less than that measured by Clark electrode. Importantly, these two methods provided similar relationships between changes in arterial oxygen content and tissue PO 2 . Our finding of greater tissue PO 2 in the medulla than the cortex is consistent with our previous findings (13, 26, 36) . It likely arises in part from the apparent underestimation of cortical tissue PO 2 by fluorescence optode (34) but also in part from the relatively natriuretic state of our experimental preparation, which would be expected to at least partly inhibit medullary oxygen utilization and so increase medullary tissue PO 2 (40) .
In vitro studies have provided compelling evidence for the existence of critical PO 2 values below which V O 2 by renal and other tissue is limited by oxygen availability (11) . A critical PO 2 value of ϳ3 mmHg has been established in ischemic skeletal muscle in vivo (37) . Consistent with this low value, we were unable to detect a statistically significant reduction in hindlimb V O 2 even when tissue PO 2 was reduced to 10 mmHg (Clark electrode) and to 14 mmHg (fluorescence optode) by ventilation with 11% oxygen. In renal tissue, estimates of critical PO 2 from isolated tubular elements (1, 2, 11) and from isolated perfused kidneys (12) are in broad agreement, provid- ing values ranging from 5 to 15 mmHg. Our current data suggest that a similar low value applies in vivo, since we could provide no evidence of V O 2 being limited by oxygen availability, even when renal cortical tissue PO 2 was reduced to 11 mmHg (fluorescence optode) and to 17 mmHg (Clark electrode) by ventilation with 11% oxygen. The actual critical level of PO 2 below which renal oxygen utilization is limited in vivo remains to be determined. Our current findings suggest that determination of this value may be problematic, since the level of hypoxemia required to achieve it is likely to lead to potentially fatal hemodynamic instability. Thus we can confidently conclude that whole kidney V O 2 is independent of arterial oxygen content under physiological conditions and all but the most extreme pathophysiological conditions. An important limitation of our current approach was that we were only able to assess tissue V O 2 at the whole organ level. Methods for in vivo assessment of local renal V O 2 are extremely limited (15) . A method using positron emission tomography has recently been validated in the pig, but its spatial resolution is not sufficient for resolution of the renal medulla even in such a large animal (23) . Oxygen disappearance rate during complete renal ischemia has also been touted as a potential method (42) but our recent studies indicate that it has limited utility in the kidney (34) . The ratio of tissue PO 2 to microvascular perfusion may have some utility as a measure of local V O 2 (42), but is clearly not applicable under conditions such as the current study in which arterial blood PO 2 was altered. In an attempt to detect carryover effects of hypoxemia to inhibit local V O 2 , we examined responses of tissue perfusion (laser Doppler flux) and tissue PO 2 in the renal cortex and medulla and biceps femoris to restoration of normoxia (data not shown). However, we were unable to detect any difference in the ratios of local PO 2 to microvascular perfusion between prehypoxic vs. posthypoxic states, which might reflect carryover effects of tissue hypoxia on local V O 2 . Thus we cannot currently exclude the possibility of effects of hypoxemia on local V O 2 in the kidney and hindlimb that are not reflected in changes in whole organ V O 2 . An additional limitation arises from the differences in arterial PCO 2 between the two experimental preparations. We were able to control for this by using arterial oxygen content as the independent variable for most of our analyses. Nevertheless, it did mean that the level of hypoxemia we were able to achieve in the hindlimb preparation was somewhat less than that achieved in the renal preparation. A limitation of our statistical analysis of the data in Tables 1  and 2 , performed to determine the thresholds at which graded hypoxia altered the levels of the various parameters, is also noteworthy. P values in this analysis were not conservatively adjusted to reduce the risk of false positive inferences (type 1 error) (28, 30) . This was done to avoid inflating the risk of false negative inferences (type 2 error) that would reduce the sensitivity of this threshold analysis. Nevertheless, these raw P values should be interpreted with caution.
Perspectives
The consistency of RBF (and so DO 2 ) and renal V O 2 in the face of moderate hypoxemia may facilitate the role of the kidney as an oxygen sensor, allowing changes in arterial oxygenation to be easily translated into changes in tissue PO 2 , the signal for erythropoietin production. However, as our data demonstrate, the absence of innate renal feedback mechanisms capable of increasing renal DO 2 or decreasing V O 2 in the face of hypoxemia make the kidney susceptible to the development of hypoxia during systemic arterial hypoxemia. Although activation of renal sympathetic nerves during hypoxemia may be capable of reducing renal V O 2 , our recent findings suggest that it will induce a proportionally greater reduction in RBF and so DO 2 (13) . Thus the presence of intact renal sympathetic nerves likely exacerbates the potential for renal hypoxia in hypoxemic states. The absence of an innate renal vascular response to local tissue hypoxia may also promote progression of chronic renal disease, in which tissue hypoxia has been strongly implicated (33) . The inability of the kidney to respond to tissue hypoxia, resulting from defects within the kidney itself such as enhanced oxidative stress and oxygen utilization, could plausibly result in a cascade of hypoxia-induced renal damage with no physiological brake. Our findings may also provide a mechanistic basis for the apparent increased risk of end-stage renal disease (21) and exacerbated diabetic nephropathy (38) in patients living at high altitude (31) . Reductions in arterial oxygen content of 5-8% or more, which we show here can significantly reduce kidney tissue PO 2 , are likely experienced at least acutely by those ascending to altitudes Ͼ2,000 meters.
